Mining causes the destruction of natural ecosystems through removal of soil and vegetation and burial beneath waste disposal sites. The restoration of mined land in practice can largely be considered as ecosystem reconstruction -the reestablishment of the capability of the land to capture and retain fundamental resources. In restoration planning, it is imperative that goals, objectives, and success criteria are clearly established to allow the restoration to be undertaken in a systematic way, while realizing that these may require some modification later in light of the direction of the restoration succession. A restoration planning model is presented where the presence or absence of topsoil conserved on the site has been given the status of the primary practical issue for consideration in ecological restoration in mining. Examples and case studies are used to explore the important problems and solutions in the practice of restoration in the mining of metals and minerals. Even though ecological theory lacks general laws with universal applicability at the ecosystem level of organization, ecological knowledge does have high heuristic power and applicability to site-specific ecological restoration goals. However, monitoring and management are essential, as the uncertainties in restoration planning can never be overcome. The concept of adaptive management and the notion that a restored site be regarded as a long-term experiment is a sensible perspective. Unfortunately, in practice, the lack of post-restoration monitoring and research has meant few opportunities to improve the theory and practice of ecological restoration in mining.
Introduction
The scale of human activities has become such that most of the ecosystems of the earth have been disturbed in some way (Ehrlich 1993) . More than 40% of the terrestrial vegetated surface of the earth has been directly disturbed (Daily 1995) and its natural productive capacity diverted, reduced, or destroyed (Vitousek et al. 1986 ). This is largely through overgrazing, deforestation, agriculture, overexploitation for fuelwood, and urban and industrial use (Daily 1995) . The area of land directly altered by mining industries is still relatively low in terms of the global inventory of degradation, but can represent considerable quantities on an individual country basis. Examples of estimates on a country basis include, for the U.S.A. 3.7 Mha (Dudka and Adriano 1997) , for China 2 Mha (Guo et al. 1989) , and for South Africa about 0.2 Mha (Fairbanks et al. 2000) . Further, the scale of mining is increasing and the impacts are generally more severe than most other kinds of disturbance (Walker and Willig 1999) . In this context of increasing land degradation, both the ecological and economic imperatives demand that restoration of land be prioritized even if restoration ecologists are "doomed to fight an uphill battle" (Ehrlich 1993 ). This review discusses some of the main issues, both theoretical and practical, concerning ecological restoration of land in the particular context of metal and industrial mineral mining.
The mining context
The focus of this review is the mining industries, whose products are the metals and minerals on which many national economies depend (Table 1) . There has been a progressive increase in the production of most of these metals and minerals over the last 50 years ( Table 2 ). The mining of metals and minerals represents a large range of activities, which include primary (extraction) and secondary (milling, processing, refining, and waste disposal) phases (Barbour 1994) . Table 3 summarizes the main methods of underground or surface extraction and the nature of the associated land disturbances. In many of the forms of mining it is the waste production and disposal that can cause the most extensive and long-lasting disturbance to land. The disposal of rock and overburden, the construction of impoundments (dams) for the fine tailings (<0.1 mm) produced from the milling operations, and the disposal of slags from the smelting and refining stages can involve large areas of land.
The history of modern mining is one of globalization (Mining Annual Review 1995) , together with the economic development of lower grade ore bodies with larger mines, increased waste production and consequently greater potential environmental impacts, and land disturbance. The history of modern copper production illustrates this (Mining Annual Review 1985) , where the average ore grade has decreased from 4% in 1900 to 0.5% in 1975, with a considerable increase in the tailings produced, going from approximately 17 to 290 Mt a −1 worldwide over the same period (Williamson et al. 1982) . In terms of land disturbance this can translate into the production of both massive open pit workings (e.g., >3 km wide and 0.5 km deep) and individual tailings dams of over 2000 ha. Note: These data are comparative and represent mine production (ore or metal in ore). Data from Johnson and Putwain 1981; Mining Annual Review 1985; Metals and Minerals Annual Review 1996; and Anon 1997. The direct impacts of mining disturbance to land surfaces are usually severe with the destruction of natural ecosystems, either through the removal of all previous soils, plants, and animals or their burial beneath waste disposal facilities. Phosphate mining on the small Pacific island of Nauru provides an example of both severe mining disturbance, with 80% of the islands soil and vegetation lost, and extreme ecological restoration challenges (Anderson 1992; Gowdy and McDaniel 1999) . Structural faults and major failures of mining waste impoundments have caused gross pollution of the wider environment and threatened agricultural and sensitive natural ecosystems. For example, the Ok Tedi gold and copper mine in Papua, New Guinea, discharged 60 Mt of tailings per year into the Fly river and the Gulf of Papua over many years from an original dam failure in 1984 (Allan 1995; Anderson 1996) , and the Los Frailes open-pit pyrite mine in southern Spain released 4.5 x 10 6 m 3 of acidic and metalliferous slurry into the Agrio and Guadiamar rivers, which covered some 4000 ha of land and threatened the largest conservation area in Europe, the Doñana National Park (Sassoon 1998; Cabrara et al. 1999) . Further widespread geographical impacts are possible through the pollution of air (e.g., sulphur dioxide and metals, including mercury (Hutchinson and Whitby 1974; Ripley et al. 1996; Dudka and Adriano 1997; He et al. 1998) ), surface waters (e.g., acid mine drainage (Ferguson and Erickson 1988) , mercury (Veiga and Meech 1995) ), and ground water (Sengupta 1993) . Other indirect or multiplier effects can Table 3 . Main types of metal and industrial minerals mining and the associated land disturbance (adapted from Cooke (1999) occur through the fragmentation of the original natural ecosystems and the alteration of surface and groundwater drainage patterns. There is also a probability of recurrence of impacts after mining (even after site reclamation) where mining wastes are regarded as secondary ore bodies, and old spoil heaps and tailings dams are reworked for metals and gangue minerals. The recent accident at the Aural gold and silver producing plant at Baia Mare in Romania clearly showed the environmental consequences of reprocessing wastes activities when 50-100 t of cyanide were released into the Danube river system. The cyanide plume travelled to the Black Sea some 2000 km from the source of the spill, causing mortality of river biota (UNEP/OCHA 2000) .
Mining is a temporary landuse because, in any one place, the mineral deposit is finite and eventually exhausted. The social and legislative context of mining in many parts of the world today means that some form of landuse goals will be set prior to the granting of planning permission for a new mine. Reclamation considerations will be incorporated into the mine planning such that it becomes a major governing factor in the mining operations, waste disposal, and site closure ). However, it should be emphasized that there is a considerable past legacy of poor reclamation practice that, at best, has not provided any successful ecosystem development and, at worse, has allowed continual environmental damage (Berger 1990) . It may be concluded that it is the reclaimed land surface that remains indefinitely and is required to meet the major goal of sustainability, which is the maintenance of the land use options of future generations (Haigh 1993) . In this context, ecological restoration of mined land represents the best approach to promote both sustainability and the maintenance of biodiversity.
What is ecological restoration?
There is currently no agreed terminology in restoration ecology and in many ways this reflects a theoretical debate, not just about restoration, but also about the ecologist's view of nature. The term reclamation describes the general process whereby the land surface is returned to some form of beneficial use. Where reclamation is guided by ecological principles and promotes the recovery of ecological integrity (SER 1996 ) the term restoration is used.
A more detailed set of definitions has been proposed to reflect the goals (or success?) of the reclamation process. Here, restoration refers to reinstatement of the original (pre-mining) ecosystem in all its structural and functional aspects, rehabilitation is the term used for the progression towards the reinstatement of the original ecosystem, and replacement is the creation of an alternative ecosystem to the original (Bradshaw 1984 (Bradshaw , 1990 . It is likely, given the nature of the science of ecology, that these definitions make the use of the word "restoration" redundant and only used by the optimistic or naive ecologist. Obvious caution, when dealing with the restoration of complex ecosystems, may lead to the overuse of the word "rehabilitation" in official documents such as Environmental Impact Assessments of proposed mining operations (e.g., Lubke et al. 1993) . In practice, the terms are still used interchangeably and restoration, rehabilitation, and replacement (or habitat creation in a nature conservation context (Anderson 1995) ) may be described as the resetting of an ecological clock (Cairns 1991) . All of these terms are included in the one general term restoration in this review, and this reflects both the earlier literature (e.g., Johnson and Bradshaw 1979) and recent discussions of the topic (e.g. Wyant et al. 1995; Hobbs and Norton 1996; Pastorok et al. 1997) .
As well as accepting the broader view of ecological restoration, it should be emphasized that it is a "process", driven by ecological knowledge and research and not just the means of producing a "product", e.g., the (fully?) restored pre-mining ecosystem. From this perspective ecological restoration is about a broad set of activities (enhancing, repairing, or reconstructing degraded ecosystems (Fig. 1) ) appropriate to the specific types (or severity) of disturbances and not the outcomes per se of such activities (Hobbs and Hopkins 1990; Cairns 1991; Hobbs and Norton 1996) . Within this broad overview of restoration activities, the restoration of mined land can largely be considered as ecosystem reconstruction. Here it is usually a question of the re-establishment of the capability of the land to capture and retain fundamental resources (energy, water, nutrients, and species). In nearly all cases, the resilience of the pre-mining ecosystem has been compromised (more precisely the amplitude of the system has been exceeded (Westman 1991) ) and the recovery process, when left to natural succession, is often too slow (Bradshaw 1990; Hobbs and Norton 1996) . This view of restoration as a process is regarded as more appropriate to current thinking of succession: that it is not governed by any holistic or universal law (Miles 1987) and recognizes multi-directional pathways for any given succession, driven by stochastic processes without assumption of either longterm stability or any one equilibrium endpoint (Glenn-Lewin and van der Maarel 1992) . Further, our view of nature has changed from one of its balance (homeostasis) to acknowledging its dynamic flux (homeorhesis), especially at the larger spatial, temporal, and organizational scale of natural communities in landscapes, i.e., 100 species, 100 years, and areas larger than 100 ha (Pimm 1991; Cairns 2000) .
It is at this scale of nature that a forward-looking perspective of ecological restoration of mined land must operate. However, from this theoretical view of nature the decision as to what to restore to becomes something of a moving target (Jackson et al. 1995; Webb 1996) . Should it be an exact replica of the immediate pre-mining ecosystem, an ecologically superior (more pristine?) and perhaps historical standard, or even a future state, which is the condition that natural succession may have produced if no disturbance had occurred (Cairns 1989; Cairns 1991; Westman 1991; Clewell 2000) ? Further, with a view of restoration as a process, the essential role of monitoring and management is emphasized as the uncertainties in restoration planning can never be overcome.
An overview of restoration planning
Ecological restoration must involve an orderly set of considerations that promote successful procedures and practices. Often these practices, although based on similar general considerations, will need to be innovative because of the unique set of circumstances each area and ecosystem to be restored Hobbs and Norton (1996) represents. The important stages in restoration planning are shown in Fig. 2 . This restoration planning model recognizes that, for most mine reclamation programmes over the last 30 years, an over-riding consideration has been whether the topsoil has been retained or lost (Johnson and Bradshaw 1979; Bradshaw 1983 Bradshaw , 1984 Bradshaw , 1990 ). This will in all probability determine how quickly a pre-mining ecosystem can be restored and whether such a restoration goal is ecologically possible and sustainable.
Although it has been emphasized that restoration should be conceptualized as a process, the product is still important. It must be the starting point for any restoration project (i.e., restoring to what?) and it is essential to define the product in a time frame (i.e., restored by when?). This restoration goal must then be translated into specific process attributes -the restoration objectives (Fig. 2) .
The restoration objectives must be formulated from a detailed knowledge of the basic structural and functional characteristics of natural ecosystems (Table 4) . Ecological restoration may implicitly want all attributes to be achieved (e.g., to claim close correspondence to the pre-mining ecosystem), but the practical context of any site restoration demands that the following are considered: speed of attainment, economics (or cost-benefit), achievability, and long-term stability with on-going management at reasonable (low) cost (Bradshaw 1990) . Such practical considerations are necessary for, without them, unrealistic objectives both in ecological and economic terms can be set.
The development of measurable criteria derived from the particular desired community and ecosystem characteristics (as restoration objectives) for judging restoration success, have proved difficult to establish (Johnson and Putwain 1981; Hobbs and Norton 1996) . Cairns (1993) provides three general success guidelines that the restored ecosystem should attain:
(i) self-regulation for some set period of time, where self-regulation means the structural and functional attributes persist in the absence of whatever "subsidies" (fertilizer, seeding etc.) may have been necessary during the initial phases of implementation;
(ii) the design criteria (restoration goal and objectives) established before restoration was undertaken;
(iii) no observable adverse effects in the larger ecological landscape. The stages in the conceptual planning of the ecological restoration of mined land (adapted in part from Johnson et al. (1994) , and Australian Environment Protection Agency (1995)). From these, it can be seen that it is absolutely necessary to have restoration objectives that have unambiguous operational definitions (technically feasible), which are ecologically sound (scientifically valid) and socially relevant, and that are accessible to measurement and prediction (Wyant et al. 1995; Pastorok et al. 1997; Cairns 2000) . The ecosystem characteristics usually measured are those related to the composition, structure, and pattern of the vegetation (1-3 in. (1 in. = 2.54 cm) Table 4 and Allen Table 4 . Ecosystem characteristics for consideration as ecological restoration objectives (adapted from Hobbs (1999) ).
1.
Composition: species presence and their relative abundance 2.
Structure: vertical arrangement of vegetation and soil components 3.
Pattern: horizontal arrangement of system components 4.
Heterogeneity: a variable composing of characteristics 1-3 5.
Function: performance of basic ecosystem processes (energy capture, water retention, nutrient cycling) 6.
Species Interactions, e.g., pollination, seed dispersal etc. 7.
Dynamics and resilience: succession and state-transition processes, ability to recover from normal episodic disturbance events (e.g., floods, drought, fire) ). An assumption is that if the structure of vegetation is similar to the desired ranges set for those variables (whether derived from a reference area or not) then the "related" functional characteristics will also be satisfactory (Table 5 ). The cost and length of time over which measurements need to be made usually mean that measurements of function are not used ). However, it should be recognized that some important structural measurements are also not usually made (Chambers et al. 1994) . In particular, measurements concerning plant root architecture including mycorrhizae, the structure of the soil biotic community, and animal species numbers are not usually made, even though they can often provide important indications of long-term productivity and successional pathways .
The ecological considerations needed for practical restoration planning, summarized in Fig. 2 , must be considered in some detail in relation to situations where topsoil has been lost or retained within the mining and waste disposal operations. 1 In the restoration of sites where the topsoil has been lost, the major ecological challenges are still concerned with plant species-substrate interactions, i.e., revegetation. Restoration practice where topsoil has been retained focuses less on vegetation establishment and more on the spatial and temporal factors affecting species colonization and establishment, the criteria for monitoring and assessing success, particularly in the longer term, and the restoration of natural indigenous ecosystems on mined land. In the following sections the examples, case studies, and discussion reflect these different perspectives. However, it should always be remembered that adaptive restoration planning is site specific and the ecological knowledge base plays a continually active and critical role. Thus, any of the ideas presented and discussed below may be found to have relevance in preventing the failure of any particular restoration project.
Restoration in practice: where topsoil has been lost

Mining substrates
Compared to normal soils, mining substrates derived from deep in the earth or wastes produced from the processing of the minerals can present extreme challenges to the colonization by plants and the formation of any kind of self-sustaining ecosystem. The physical and chemical nature of the substrates from mining operations is such that a fundamental basis for restoration, that of establishing vegetation, can be extremely difficult in the absence of either soil as a cover material or of some other suitable alternative material for capping, amending, or dilution of mining substrates. Physical texture may be very coarse as in some rock wastes, intermediate as in sand wastes, or very fine as in milled tailings. Fine texture and no organic matter may lead to high bulk densities, extreme compaction, low water infiltration rates, and surface waterlogging .
Nearly all mine substrates have very low levels of macronutrients (especially nitrogen (N), phosphorus (P), and potassium (K)). Low pH is a particularly intransigent problem in wastes that contain iron pyrites, which, on weathering, will generate sulphuric acid and (if there is no acidic neutralising capacity in the waste) induce pH values of <2.0. Toxicity, especially of aluminium, zinc, and other metals in acidic wastes, can be a significant problem for plant growth. High salinity can be caused by natural weathering, acid neutralization by carbonates, additions of chemicals in the milling and concentration processes, and by evaporation from the surface in warm climates. These constraints on plant growth have been reviewed extensively (Bradshaw and Chadwick 1980; Williamson et al. 1982; Johnson et al. 1994; and Tordoff et al. 2000) .
Mining substrates do vary considerably in their physical and chemical nature, but they are likely to inhibit natural colonization by most plant species for many years. However, often a few plant species (which may be particularly tolerant or have tolerant ecotypes or populations) may form an open vegetation cover representing an arrested succession prevented from further development because of the toxicity of the metalliferous mine spoils, the infertility, or the extreme acidity of pyritic mine wastes and tailings. For example, centuries of mining of metalliferous ores and their processing have created many derelict areas throughout the world with substrates characterized by high concentrations of metals.
These old mining areas have often developed plant communities, through natural colonization, with distinctive metallophyte or pseudo-metallophyte species (Antonovics et al. 1971 ), which have been described by metal type and soil metal concentration. Examples include the well-described floras of the copper-cobalt areas of south-central Africa (Wild 1978; Brooks and Malaisse 1985) , and the lead-zinc areas of Britain (Baker and Proctor 1990 ; Department of the Environment 1994) and western Europe (Simon 1978) . Many old mining sites have become of high conservation value both because of endemic plant species or populations and as refugia for both rare plant and animal species whose natural habitats have been considerably reduced (Johnson 1978; Johnson et al. 1978; Box 1992; Spalding and Haes 1995) .
Recovery
At its simplest, ecological restoration may equate with primary succession or the recovery (Cairns 1980 (Cairns , 1991 of mined land when it is largely left to natural processes after disturbance. Studies of abandoned mining areas have enabled the investigation of the issues concerning the development of ecosystems, e.g., the role of nitrogen accumulation (Walker 1993; Bradshaw 1999) and so have helped inform the practice of modern ecosystem restoration. The presence of populations of plant species in a particular site will depend on the ability of propagules to be transported to the site and to germinate and of the young plants to survive and reproduce. The time scales involved are often long and the initial colonization phase, in particular, can show a considerable lag depending on the harshness of the site and substrate conditions (Ash et al. 1994) . For example, in the study of a chronosequence on calcareous lead zinc mines in SW Wisconsin there was little colonization for 20 years and about 40% cover was obtained after 50 years (Kimmerer 1984) . The vegetation that developed was a mixture of bare areas and well-vegetated patches with grasses, sedges, and perennial forbs. This is typical of many mine sites that have been abandoned to recover naturally. On metalliferous sites plant colonization success depends upon avoidance of the high soil metal areas, where substrate heterogeneity exists or metal tolerance is established either through natural selection of tolerant populations, or because it is constitutional to a particular species, e.g., a metallophyte species (Baker and Proctor 1990) . Other soil factors influencing natural plant colonization of metalliferous sites include pH, nutrient levels especially calcium and phosphorus, and the amount of organic matter and the presence of mycorrhizal fungi (Alvarez et al. 1974; Williams et al. 1977; Johnson et al. 1977; Simon 1978; Smith and Bradshaw 1979; Morrey et al. 1988; Baker and Proctor 1990; Hetrick et al. 1994 ).
An example of recovery is demonstrated by attitudes to land restoration at Mount Lyell, a substantive copper mine complex on the King River catchment in western Tasmania. Slow natural succession has been promoted as a better option for the "lunar landscape", partly on the grounds that it leads to an ecosystem more in harmony with the surrounding area but also because the bare landscape is a stark contrast to the adjacent land and is actually a tourist attraction (McBride 1997) . However, completely non-interventive or "passive" restoration is conceptually difficult and usually politically unacceptable in an era when "closure planning", an active process, is becoming an everyday mining term. Moreover, recovery on bare mine waste and tailings will usually involve a colonization sequence and plagioclimax communities that are, in fact, very different from the original or surrounding vegetation, again because of the physical and chemical properties of the substrates being so different from those of the original soils.
Ameliorative and adaptive approaches
Despite the wide ranging constraints of mining sites and substrates there have been some important success stories in the direct restoration of metal and other mineral mining wastes. However, where the original topsoil has been lost, faithful restoration of original ecosystems is rare. An overview of the range of approaches is given in Table 6 and is based upon the degree of toxicity, salinity, and acidity of the waste material or site. These approaches combine, on a site-specific basis, the ameliorative approach (improving the physical and chemical nature of the site) with the adaptive approach (the careful selection of species, cultivars, or ecotypes) in a way which seeks to achieve the ecological restoration goal of establishing ecosystem structure and function (Jeffrey et al. 1975; Johnson et al. 1994) .
It is perhaps not surprising that the most successful restoration case histories where there has been no reliance on soil coverings have come in the industrial minerals sector of the industry where the wastes have fewer chemical toxicity problems. Pioneer work on ecosystem restoration on exhausted quarries was conducted as long ago as 1970 on the coral limestones and Jurassic shales on the Kenya coast (Sassoon 1996) . Ecologically sustainable restoration has revolved around direct establishment of 26 tree species and grasses, centred around tall Casuarina (Casuarina equisetifolia), now indigenous to the East African coast. This salt-tolerant nitrogen-fixing species acted as the catalyst for ecosystem development, perhaps rather surprisingly by facilitating the expansion of a millipede ( Epilobus pulchripes) population. Millipedes feed voraciously on dry needles of Casuarina, which when digested initiate humus formation and secondary colonization by plants and animals. Over 250 plant species now inhabit the quarry habitat, an achievement that was largely made without fertilizers or ameliorant substrates.
In more temperate settings, one of the best examples of effective ecosystem restoration without topsoil is of the western European Atlantic heaths (dominated by Calluna vulgaris and Erica spp.) on sand, mica wastes, overburden, and rock waste produced by the mining of china clay in south-west England. Many European countries have lost up to 70 % of their heathland area this century so the creation and management of replacement dry heaths in the semi-lowlands of Britain is an important restoration strategy for old china clay workings. Successful techniques have been established, although their long-term sustainability has still to be confirmed (Department of the Environment 1993). In heathland restoration, Table 6 . Promotion of ecosystem restoration for metalliferous wastes based upon relative toxicity, acidity, and salinity (adapted from Johnson et al. 1994 
High metal content and toxicity
Treat surface with 10-50 cm of innocuous material such as overburden. Lime, fertilize, and seed with indigenous species.
Regression may occur through upward movement of soluble toxins.
Very high metal content, extreme acidity, toxicity, or salinity Cover surface with 30-100 cm barrier layer such as unmineralised rock and cover with suitable rooting medium.
High cost and may get regression through drought or root penetration through barrier layer.
because of the absence of commercial seed, the key steps are vacuuming or cutting of top growth from a natural area of heather moorland such that this donor area survives to regrow but yields propagules for restoration purposes elsewhere (Pywell et al. 1996) . This collection of seed capsules and ground surface litter is then redeployed after careful preparation of the receptor area, namely the mine waste. This involves rotovating the litter into the waste surface sowing of seed capsules and nurse grasses and the judicious use of fertilizers (Box et al. 1998) . It is possible to spread the seed and litter over a larger area than that from which it was stripped, perhaps up to 10 times. However, this still puts a high demand on natural donor areas. The restoration of the Sudbury "barrens", some 17 000 ha around the three main metal smelters, which lacked vegetation in 1970, provides an example of minimal amelioration of severely smelterdamaged land for facilitating the long-term restoration of natural ecosystems. The barrens were created largely through the destruction of the original vegetation by high atmospheric SO 2 prior to 1972 and re-colonization by metal-intolerant plants was inhibited by soil acidification (pH 3-4.5), high levels of available soil copper and nickel from aerial deposition, and high aluminum released from clay minerals (Winterhalder 1995a ). However, it was found that a thin surface application by hand of ground dolomitic limestone led to the establishment of woody plants such as white birch, trembling aspen, and willows from local seed sources. Simple liming can be regarded as a "trigger factor" because it allowed the establishment of some tree species because the stony mantle that covered the eroded soils of the slopes trapped the limestone particles and seeds. The establishing trees then through, inter alia, the production of leaf litter and transporting of bases to the soil surface, improved the prospects for further plant colonization, especially by ameliorating the microclimate and reducing the effects of drought and frost heaving (Winterhalder 1995 b) .
Ecological restoration without topsoil usually depends on careful selection of adapted species and includes their suitability for ground stabilization, the value of the species as wildlife habitat (and as forage for wild animals), and then also for achieving aesthetic goals. Indigenous species available as propagules do not always satisfy these criteria, in which case native but not locally indigenous species can be sown as a supplement, usually in a way that provides a rapid solution to short-term problems such as erosion, but one which enables colonization by local volunteer species and thus facilitates succession to eventually restore the native ecosystem. This reasonable compromise has been the approach used for copper tailings berms and surfaces in the arid and testing conditions of southern Arizona (Bengson 1995) .
The use of metal tolerant ecotypes, in particular of the temperate grasses Agrostis capillaris and Festuca rubra, is a proven reclamation technology of 20 years standing for lead, zinc, and copper mine tailings (Smith and Bradshaw 1979; Morrey 1995; Tordoff et al. 2000) . These ecotypes have metal tolerance as a genetically heritable character, and some have been bred on to cultivar status (e.g., F.rubra cv. "Merlin"), they are known to partially restrict metals from root absorption (e.g., Bergholm and Steen 1989) and to be able to exclude that fraction that is absorbed from active metabolic sites. However, this approach carries with it certain land use restrictions, for example grazing and intensive recreational use are usually precluded (Table 6 ). Moreover, because direct seeding is used, the initial economic attractions are somewhat tempered by the higher maintenance costs of regular applications of fertilizer and, sometimes, the need for "patch seeding" to deal with areas where initial failure occurs. It is also important to recognize that the metal tolerance mechanisms in plant species are specific. With some exceptions, e.g., Deschampsia cespitosa (Cox and Hutchinson 1980) , cross tolerance between metals is not known, so an ecotype is unlikely to thrive on mine waste containing toxic quantities of metals other than those that it is adapted to based upon its site of origin. Despite these limitations, direct seeding of tolerant cultivars is still a promising area of further development, with candidate species from tropical areas including Chloris gayana, Eragrostis curvula, and Cynodon dactylon.
The use of inherent tolerance to particular chemical constraints is not restricted entirely to trace metals. A recent successful direct revegetation programme on lead mine tailings in the west of Ireland was based upon the use of salt-tolerant grasses (e.g., Agrostis stolonifera cv. "Seaside"). In this case chemical weathering within the tailings, through the interaction of sulphuric acid, the breakdown product of iron pyrites, with magnesian limestone (MgCO 3 •CaCO 3 ), made the high osmotic pressures caused by magnesium sulphate the main constraint to growth (Brady 1993) .
More recently, a new technology has been promoted whereby the tolerance to metals of some plants is used in a different way. Some species, particularly members of the Brassicaceae (e.g., Thlaspi caerulescens and Cardaminopsis halleri) and Caryophyllaceae (e.g., Minuartia verna), are described as "hyperaccumulators" in recognition of their ability to accumulate elements that are usually present in trace concentrations in plants. In extreme cases accumulation may be to an extent that the metal is no longer a trace element but a major inorganic constituent, with concentrations exceeding 10 000 mg kg −1 (1% w/w) or 10-20% on an ash weight basis .
For the highly toxic metal mine wastes, it has been suggested that such species could be manipulated for phytomining or phytoextraction of some elements as a commercial enterprise or be used to farm metals by making hay from biomass. The hay product would then be subjected to combustion processes to recover the metals as an ash concentrate or to reduce the volume of material for landfill disposal (Chaney et al. 1995) . Hyperaccumulator species could thus be used to bioremediate soils and at the same time both stabilize and reclaim land for other purposes (Salt et al. 1998 ). Innovative though this may be, this "clean-up" technique is unproven on a commercial scale. Trials are underway in temperate zones (Baker et al. 1995a ) and under the more exacting climatic conditions of the Sierra Nevada in the U.S.A. (Nicks and Chambers 1995) and Chile (Ginocchio 1998) . However, before this approach, which may combine restoration with land remediation, can be considered viable, major problems of species rarity, low productivity, gene manipulation into more productive species, suitable harvesting methods, and final disposal of the biomass as waste must be addressed.
Ecotoxicology
In addition to the chemical constraints upon the establishment of plants, the levels of potentially toxic residual chemicals in some mine wastes, which may include radiobiological hazards (Ritcey 1989) , can be toxic to animals and soil microorganisms. The toxic elements most commonly found are arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), selenium (Se), silver (Ag), and zinc (Zn) (Pierzynski et al. 1994) . This important ecotoxicological aspect of ecological restoration is illustrated by extensive work on one site used for the disposal of metalliferous fluorspar tailings at Cavendish Mill in the Peak District of Derbyshire, England. Elevated levels of metals (Pb, Zn, Cd) and fluorides (F) in the tailings did not prevent the successful direct establishment of grassland (using a hydroseeding technique to establish a commercial grass-legume mix) and trees on the tailings dam in 1974 (Johnson et al. 1976) . A survey of the dam in 1977 listed 69 higher plant species, 6 breeding birds, 30 species of visiting bird, 9 mammals, and a wide range of invertebrate species with most of these species being volunteers from surrounding areas.
In 1979 it was shown that wild small mammal species were found on the dam surface in numbers that were similar to areas of grassland-scrub habitat nearby (Johnson 1980; Johnson and Putwain 1981) . At various times since the initial restoration work, major assessments of the distribution of Pb, Zn, Cd, and F have been undertaken and included surface soil, live standing plant crop, plant leaf litter, invertebrates, and small mammals (Andrews et al. 1984; Andrews et al. 1989a; Andrews et al. 1989 b; Andrews et al. 1989c; Cooke et al. 1990; and Boulton et al. 1994) . Data in Tables 7 and 8 are derived from these publications.
A summary of some of these data for Cd and F is given in Table 7 . The vegetation and plant litter have high levels of both elements compared to an uncontaminated reference site. This is reflected in the earthworm (Lumbricus) data shown in Table 7 where, in general, the levels for Cd and F are 10 to 25 times normal. The concentrations in the field vole (Microtus agrestis) and the shrew (Sorex araneus) also show significant increases in F (in bone) and in Cd (kidney in the field vole and kidney and liver in the shrew). The remarkable affinity of the shrew for Cd in its food items is clearly shown, with extremely high concentrations in the kidney and the liver. Cadmium-induced lesions in kidney and liver tissue in shrews occurred, and field voles showed minor symptoms of dental fluorosis (excessive ware of the incisor teeth caused by F that can prevent feeding). Thus, through the movement of toxins from soil to plant, and in food webs, accumulation can occur in wildlife colonizing the newly restored and developing ecosystem. This remobilization of residual toxins can have ecotoxicological impacts on individual species and also possible consequences for ecosystem function; for example, the reduction in decomposition rates if the soil biota are affected.
In practical terms, if judgements are made that the continual toxic stress is of a magnitude to prevent the establishment of the desired species (introduced or volunteer), then this should "feedback" into the original restoration planning. This may mean a revision of restoration goals or modification of the restoration strategy adopted. For example, should cover layers or a barrier layer be used to isolate the waste from the rooting zone and thus reduce plant uptake and translocation of toxins? However, successful direct establishment of vegetation, of itself, can reduce the hazards of toxicity: for example, through the organic enrichment of the surface horizons of the wastes. An example of this, from the Cavendish Mill case study, was the level of fluoride in standing live grass on the fluorspar dam. This declined considerably in the years after restoration (Table 8 ). The most likely explanation of this is the reduced availability of F in the organic-enriched surface layers of the developing soil where most of the plant roots proliferated (Table 9 ). However, it must be noted that further decomposition of metalor fluoride-enriched organic matter could lead to the release of these elements in plant available form (Geiger et al. 1993) . Progressive improvements in mineral processing technologies have, in some respects, worked in favour of metalliferous mine waste restoration. Whilst the metal levels in waste material always reflect "cut-off" grades, metal prices, and other non-technical economic factors, there is a trend towards lower levels of metals in mine tailings. In some cases, for example at Outokumpu-Tara's zinc-lead mine in Ireland, residual metal levels are now so low that when disposed of within limestone-dominated tailings, not only is direct seeding of agricultural grasses possible, but so is a low output agricultural enterprise on the tailings surface without the use of topsoil and without any significant toxic hazard to the grazing livestock (Brady 1993; Crilly et al. 1998) . Agricultural uses for mine tailings remain very rare, and there is little pressure to develop such objectives except insofar as they may demonstrate flexibility in land use planning and in some respects, lower environmental risk. An example would be the growing of rice, vegetables, and sugar cane on gold tailings in the Philippines, although no details of residual metals in these crops have been published (Walker 1992) .
Restoration in practice: where topsoil has been retained
Topsoil as the strategic restoration resource
The modern context of restoration as part of the total mining process involves carefully planned decommissioning rather than the common past practice of simple abandonment. Topsoil, other surface materials, and overburden from mine sites are today viewed as strategic restoration resources that should be conserved if at all possible. Thus their removal, storage, and replacement have received much technical research in recent times. The main reason for this is to protect their physical and chemical properties and biological processes (Table 10 ; see also Harris et al. 1996) .
The following discussion of restoration practice where topsoil has been retained focuses less on revegetation and more on the ecological, spatial, and temporal factors affecting species colonization and establishment. The criteria for monitoring and assessing success, particularly in the longer term, for the restoration of natural indigenous ecosystems on mined land are also specifically considered. This discussion is based around two case studies of current mining operations that have restoration histories going back to the 1970s: dredge mining of coastal sand for heavy minerals in South Africa, and area strip-mining for bauxite in Australia. As noted in Table 3 the land disturbance of the primary extraction phases of both strip and dredge mining can be progressively restored with the retention and reinstatement of topsoil. Reasonable restoration success can be expected if based on ecological considerations. Restoration approaches differed between these two examples, but both sought to restore the pre-mining indigenous forest and both represent interesting case studies because extensive postrestoration research and monitoring has been undertaken and this has been published in the peer-reviewed scientific literature.
Dredge mining in South Africa
On the northeast coast of South Africa in Zululand near Richards Bay, dredge mining for heavy minerals such as rutile, ilmenite, and zircon in coastal dunes has taken place since 1977 (Camp 1990 ). Ecosystem restoration is a fundamental part of the mining operation. Mining entails the removal of the dune forest in a prescribed mining path through the dunes. Topsoil is then stored and an artificial pond created in the ore-bearing dune and the sand is mined using a floating dredger that pumps the sand in slurry to a gravity separator. Here the heavy minerals are separated from the sand. The mined sand is then pumped back as tailings behind the mining path, dewatered, and stacked to resemble the topography prior to mining. Over 90% of the sand bulk is returned after mineral extraction.
The restoration process has relied heavily on the initiating of succession and then leaving the system to develop naturally. The success of the approach was thought to be likely as, over ecological and evolutionary time scales, the dunes have been built, vegetated, and destroyed many times along the south east African coast (Mentis and Ellery 1998) . Aerial photographs taken in 1937 showed that highly degraded coastal dune vegetation had, because of subsequent human depopulation, seemingly recovered through natural succession. This indicated that a minimal interventionist approach could be successful. To promote the establishment of indigenous dune forest, the topsoil is re-spread on the non-toxic tailings to a depth of about 10 cm. Then, artificial windbreaks (shade cloth fences) are erected and the area is sown with a mixture of seeds consisting mainly of fast-germinating species (e.g., Helianthus annuus, Sorghum spp., Pennisetum americanum, Crotalaria juncea). This mix acts as a nurse crop that protects the slower germinating indigenous species present in the seed bank from the high surface temperatures and winds. After this nurse crop has died off the vegetation is dominated by Acacia karoo, from the reinstated soil seed bank, which is regarded as the major pioneer species in the succession in this area (Camp and Weisser 1991) .
Over 400 ha have been reclaimed in this way since 1978, providing a chronosequence of restored mined dunes. The chronosequence approach requires the assumption that spatially separate sites investigated at one time can be equated to the temporal response at any one site. While care must be taken with this underlying assumption, chronosequences can provide valid insights into the basic patterns of successional change (Twigg et al. 1989; Wali 1999; Foster and Tilman 2000) . A summary of vegetational differences and numbers of some animal taxa for the restored dunes at Richards Bay are given in Tables  11 and 12 . A reference or benchmark site of a mature dune forest (assumed to be climax) without mining disturbance is given for comparison. The mined dunes appeared to follow a succession that appears to be leading to dune forest typical of the area. van Aarde et al. (1996) used Bray and Curtis (1957) similarity coefficients for comparing presence and abundance of different taxa in the restored stands of different ages and the reference stand. The analysis of patterns of similarity for nearly all of the studied taxa (woody plants, millipedes, beetles, birds, and rodents) showed an increase in similarity to the reference with increasing age since restoration (Table  13) . However, this approach raises the questions, similar to what and how similar is similar enough, given that complete similarity will never be attainable? In comparing restored areas with one or two "pristine" reference areas, sampling efficiency is low (insufficient replicates). However, even where extensive predisturbance sampling has been carried out there will be "noise" (i.e., intrinsic variation among sites) due to habitat heterogeneity and stochastic elements influencing ecosystem history (Westman 1991) . Perhaps 80% similarity in plant species can be taken as similar enough, but then what is a satisfactory timescale to reach this level of resemblance? Time-associated changes were investigated at Richards Bay using different approaches in a separate study of the vegetation of these restored dunes by Ellery (1994,1998) . They sampled 0.1 ha plots from the chronosequence of restored (mined) plots together with plots from unmined land. These unmined plots were all in the same coastal dune area and would be expected to develop into dune forest, but most had been disturbed in some way other than by mining, and the time since the last major disturbance was known from local records. The unmined plots sampled included three that were thought to represent climax dune forest. These authors sought to investigate whether succession was occurring and if it differed on mined land when compared to unmined disturbed land. They used a series of approaches (Mentis and Ellery 1994) : correspondence analysis, euclidean distances of each sample plot from an average mature reference (climax) plot, and multiple regression. A regression of euclidean distance against time was highly significant (Fig. 3) , and there were no significant differences between mined and unmined areas in terms of the observed convergence (trend to lower values of euclidean distance and thus greater similarity) of their vegetative state on the local climax dune forest. This suggests that the successional trajectory on the mined land would be likely to lead to the achievement of the restoration objectives. Further, the data for plant species richness shows a saturation curve with an initial rise and levelling off with time (Fig. 4) . This research indicates that the self-restorative capacity of these dune systems can overcome both mining and non-mining disturbance. Following further sampling of unmined and mined plots, Mentis and Ellery (1998) were able to predict from the time of initial restoration that the upper asymptote of the species richness curve would be reached in 28-40 years and that convergence on forest climax plant species composition would occur in 54-70 years. These studies showed that species richness increased with time as the even-aged pioneer tree species (predominantly Acacia karoo) were replaced by tropical and sub-tropical broad-leaved shrubs and trees (Table 11 ; Mentis and Ellery 1994; van Aarde et al. 1996) . This was facilitated, functionally, by the nitrogen-fixing capability of Acacia karoo, which promotes an increase of soil nitrogen and soil development (Lubke et al. 1993 ). The changes in vegetation structure were accompanied by increases in the number of animal taxa (Table 12 ). Through the death of older trees and the creation of smallscale gaps in the dense Acacia karoo stands, the colonization by secondary tree-canopy species was facilitated. However, it is very likely that many of these secondary successional tree species were not recruited from the seed banks of the original replaced topsoil, but dispersed into the older restored areas by animals -particularly fruit-eating birds and vervet monkeys (Foord et al. 1994) . Recalcitrant seeds have a high water content and short life span after shedding. The importance of animal seed dispersal in the tropics and sub-tropics because, inter alia, there is a high level of recalcitrant-seeded tree species, needs to recognized. They will not survive storage in soil although it is possible that they could germinate rapidly and become a "seedling bank" waiting for canopy gaps to appear (Pammenter and Berjak 2000) .
The efficacy of animal seed dispersal to restored sites will be limited by the absence of the range of animal seed dispersers; the highly specialized dispersal some seed may have, e.g., the very large-seeded species; the degree of isolation from the seed source including the nature of any intervening habitat; and the attraction of the seed dispersers to the restored areas (Wunderle 1997) . This latter point introduces a paradox and may mean the planting of "attractant plant species" such as fleshy-fruited native species from different stages of the normal forest succession (Tucker and Murphy 1997; Wunderle 1997) . For the restoration ecologist the presence of nearby pristine habitat and vegetation, even as small strips or as an "archipelago" of small islands, could be a key aspect of restoration success. The size of these areas of undisturbed natural ecosystems in relation to their capacity to be refugia of viable animal populations, and the spatial relationship of such patches to the mined area, are often neglected facets of restoration planning that must be addressed before mining starts. Similar arguments and solutions could be made for the restoration of other important animal species to ecosystem development and function, such as pollinators (Neal 1998 ).
Bauxite mining in western Australia
Bauxite mining in the northern Jarrah forest in Western Australia currently requires the restoration of 450 ha of forest per year (Baker et al. 1995 b) and, as it is currently practiced, provides some interesting contrasts in the approach to restoration of the South African dune forests. In particular, a much more clearly defined set of success criteria has been combined with a greater interventionist approach to reach the desired restoration objectives within specific time limits. This has required a considerable knowledge of the ecosystem structure and function before mining commenced. However, this knowledge has been acquired over 30 years as a result of " trial and error, planned research, lucky discovery, standardisation, and fine tuning" (Baker et al. 1995 b) .
The vegetation is dominated by the relatively slow-growing Eucalyptus marginata (jarrah) that attains a height of 30-40 m. Other eucalypt tree species present include E. megacarpa (bullich), E. patens (blackbutt), and E. calophylla (marri) and an understory of many species including the Cycad Macrozamia riedlei. The ore is mined from numerous discrete shallow deposits of 3-6 m deep in small discontinuous pods of 1-100 ha in area. The soils are typically nutrient-poor laterite gravels, 0.5 m deep, that overlie a pallid zone of kaolinitic clay.
The basic mineral extraction is technically simple. The forest is cleared with some timber kept to provide animal habitat on the restored area. The top 5-15 cm of topsoil is stripped separately to maintain the seed bank (350-1500 germinable seeds per metre square). If possible the topsoil should not be stockpiled (but used directly for an area awaiting restoration), as this can reduce the number of germinable seeds, cause the loss of nutrients, and reduce aerobic microbial activity (Tracey and Glossop 1980) . The Jarrah forest is a nutrient-poor ecosystem and most of the native species have vesiculararbuscular mycorrhizae or ectomycorrhizae, and these are rapidly lost in the stockpiling of topsoil. This leads to low levels of re-infection in the early years after restoration (Jasper et al. 1987; Baker et al. 1995b) . Overburden above the caprock (about 40 cm depth) is then removed and stockpiled. The caprock is blasted and the ore removed down to the pallid zone of the original laterite soil profile.
Ore extraction leaves shallow pits with 2-5 m high vertical faces and compacted clay floors. The entire pit surface is then deep-ripped along the contours, breaking up the clay floor to allow root penetration and prevent waterlogging. The pit walls are battered down and reshaped and the overburden and topsoil replaced in the correct sequence. Further surface-ripping then occurs to improve drainage as waterlogging is very undesirable because it encourages the soil-borne fungus Phytophthora cinnamomi, which causes die-back in jarrah and some understory species. In fact, much emphasis is placed on the prevention of spread of dieback, such that infected soils are stripped and stored separately and vehicles are cleaned if they move from an infected to an uninfected area (Baker et al. 1995 b) .
As in the South African dune forest restoration, the topsoil seed bank is the major source of seed for the developing ecosystem, with an estimated 75% of the native species becoming established from the soil seed bank. However, in the restoration of the Jarrah forest this is now considerably augmented by a seed mix that is sown by hand, together with fertilizer, across the entire restored pit surface. This mix includes more than 60 different native species, including the important understory legumes (especially Acacia spp.), eucalypt species, and the Cycad species. Sowing immediately after ripping of the topsoil has increased successful plant establishment. This allows seed to become lodged in microsites before surface crusts develop. The crusts prevent good seed-soil water contact. Koch and Ward (1994) carried out a comparative study of recently (after 9 months) restored sites using both topsoil transfer and direct seeding. These restored sites were compared with either the floristics of the site prior to mining or with nearby unmined areas. In terms of plant reestablishment three main groups of species were recognized: 129 plant species were from the replaced soil seed bank and early volunteer species being dispersed from surrounding unmined land; 39 species had established from the seed mix; and a further group of 48 species that did not occur in the restored areas were mainly from the Orchidaceae, Liliaceae, Epacridaceae, and Restionaceae (Koch and Ward 1994) .
In a fire-regulated system such as the Jarrah forest, the main restoration objective is to establish as many of the most common plant species as soon as possible. This includes having a minimum success criteria for plant establishment of 2000 eucalypt seedlings per hectare and two legume understory species per square metre after 9 months. These restoration objectives have required specific research into the reproductive biology of many plant species, for example, vegetative propagation of species with recalcitrant seeds or species that produce very little seed but which usually respond to disturbance by resprouting (Koch and Ward 1994; Baker et al. 1995b ). Monitoring and evaluation of the recently restored areas have shown satisfactory ecosystem development in relatively short time periods compared to the unmined areas of Jarrah forest. The development of understory shrub species through hand seeding and vegetative propagation appears to be crucial, not only to establishing plant species richness, structural diversity, and nutrient build-up but also to the colonization by animals. The likely time scales for the achievement of various success criteria are plant species richness (<2 years), litter biomass (4-10 years), nitrogen capital (15 years), 80% of animal groups including birds, mammals, reptiles, frogs, ants, and other invertebrates (4-6 years) (Nichols and Bamford 1985; Nichols et al. 1989; Baker et al. 1995b; Majer and Nichols 1998; Armstrong and Nichols 2000) .
Conclusions and the future prospects: integrating theory and practice
Ecological theory, uncertainty, and adaptive management
Ecological knowledge and theory must support the art and practice of land restoration. Because of the problems associated with the nature of ecological theory, particularly the lack of general laws with universal applicability at the community level of organization, it is unrealistic to expect a high order of predictability. However, ecological knowledge does have high heuristic power and applicability to environmental problem-solving in general and site specific ecological restoration goals in particular. Thus, ecological knowledge can be used to considerable effect in the context of its application within an inductive, case-specific methodology and must not be rejected because it does not have a hypotheticodeductive paradigm generating universal laws applicable to all ecological restoration situations (ShraderFrechette and McCoy 1994) .
Thus, the nature of ecological theory and its general lack of predictability does affect both the interaction of ecology with the other disciplines involved in overall restoration planning and the interpretation of restoration plans. It is important that industry, the regulators, and the general public understand the fundamental nature of the science of restoration ecology and what it can and cannot achieve. It is important that restoration not be seen as a new technological panacea that can cure all man's mining disturbance and degradation. Although the restoration genie is out of the bottle, the task is to see that restoration is used properly and not used, of itself, to legitimize new degradation (Berger 1990) . Rather, ecological restoration must go hand in hand with the conservation of pristine ecological resources and be part of holistic environmental management at the landscape scale, for example, where the restored ecosystems offer alternatives to the overuse or development of pristine areas.
Equally, it is vitally important that ecological restoration not be perceived as having no value because it cannot guarantee absolute replication of pre-mined ecosystems. The nature of all science, including the science of restoration ecology, is probabilistic, and statements are not certainties but expert guesses. The language and processes of risk analysis can be informative in the context of land restoration. For each case (i.e., specific site restoration) the challenge is to distinguish the risks (where the odds are known), uncertainties (where system parameters are known but not the probabilities), ignorance (where we do not know what is not known), and indeterminacies (where outcomes are outside the parameters of science) in a way that can facilitate secure judgements within the restoration process (Stonehouse and Mumford 1994; Kruger et al. 1997) . Because there are indeterminacies within any restoration caused by the social, political, and economic context within which it occurs, science can make only judgements concerning risk, uncertainty, and ignorance. Table 14 puts these ideas in the context of the ecological restoration of a mine site. Risk -probability that some kind of vegetation and ecosystem (e.g., forest and grassland) will be established using basic ecological knowledge of predictors (basic driving variables such as climate and soil quality or development) that can be quantified and modelled. Predictability at this level is possible. Uncertainty -the exact type of ecosystem is uncertain given that chance events determine successional trajectory; thus important processes and variables of system may be known but their quantification in space and time is not, for example, the source and colonization of secondary successional species or the rates of nutrient build up and retention. Predictability at this level is not possible. Ignorance -by definition escapes recognition so examples are difficult to provide but would include the fact that "complete" knowledge (e.g., the biology and even the presence of every species) of the pre-mining ecosystem cannot be known even though research can be carried out and new knowledge is discoverable. Indeterminacies -these are uncertainties outside the realm of scientific assessment and may include contingencies, for example, caused by local political interference, social pressures during the restoration process, for example, illegal cattle grazing, poor contractor competence leading to major mistakes in implementing the restoration plan.
In view of the above, efforts to reduce ignorance and uncertainty (through ecological research and experimentation) are necessary and admirable but must be accompanied by design and management for uncertainty. In ecosystem restoration this means building in ecosystem variability to provide and maintain resilience (Levy et al. 2000) . It also focuses on the need for adaptive management to take advantage of surprise elements and convert problems into opportunities (Holling 1978) . Further, the essential role of monitoring and management is emphasized as the uncertainties in restoration planning can never be overcome. The concept of adaptive management (Holling 1978) and the notion that a restored site be regarded as a long term experiment (Walters and Holling 1990) gives, a sensible perspective for the restoration paradigm proposed here and by others (Pastorok et al. 1997; Thom 2000) . A well-designed restoration plan should incorporate alternative pathways and endpoints and so inform stakeholders as to potential problems and possible costs (Hackney 2000; Thom 2000) . It is important that failures can be recognized when the success criteria indicate unsatisfactory progress. As Woodwell (1992) observed "although our knowledge is imperfect we know enough to be sure that when succession fails...extraordinary efforts at restoration are appropriate." Unfortunately, in practice, the lack of post restoration monitoring has meant that failures have gone unnoticed or have been ignored and few lessons have been learned to improve practice (Hackney 2000) . This is what makes the scientific studies such as those being conducted following heavy mineral mining and bauxite mining discussed above so valuable to the future of ecological restoration in both theory and practice.
Resilience and restoration success
Resilience is an important concept in restoration and is defined as the ability of an ecosystem to recover following disturbance (Hobbs 1999; Walker 1999) . It is difficult to measure ecosystem resilience except after some kind of disturbance has actually occurred such as the ability to "snap back" or recover from natural episodic effects such as floods, drought, or fire (Cairns 1993 ). The concept is useful, however, in thinking about different ecosystems types and their relative resilience and thus may help Good knowledge of biology of "keystone" and "engineer" species Biology of even common species not known Knowledge and research base of pre-mining ecosystems, reference ecosystem types, and landscapes high Knowledge and research base low indicate, in a more absolute sense, whether a natural ecosystem can be restored or not (Hobbs 1999 ). Thus, it is possible that ecosystems may have low resilience such that even with costly restoration interventions they cannot be restored structurally and functionally after mining.
In this review the presence or absence of topsoil conserved on the site has been given the status of the primary practical issue for consideration in ecological restoration. However, in the initial restoration planning there are many considerations concerning the nature of the original ecosystem and the structure and functioning of the ecosystem to be restored, and these can be applicable to the evaluation of how successful a particular site-specific ecological restoration might be. Table 15 presents a simple representation of some of these considerations likely to promote greater or lesser success, should a mined site be restored to the pre-mining ecosystem(s). It is oversimplified in various respects. For example, the size of the site to be restored may be too small to provide habitat for some particular species but in the context of a fragmented landscape may be a very valuable asset in maintaining animal species such as butterflies, amphibians, and birds that demonstrate metapopulation dynamics. It will be important to select or weight these considerations on a site by site basis, and if a site contains ecosystems that are too rare, non-resilient, and impossible to restore, no mining should be undertaken. Otherwise, informed value judgements must be made from these considerations and others to give multi-criteria evaluations that inform and provide for a holistic restoration plan containing all the process elements shown in Fig. 2 .
Future challenges and sustainable development
Future challenges in ecological restoration in the mining and mineral industries include the increasing scale of operations with large mining companies seeking to exploit large reserves in more remote wilderness environments, greater innovation in new technologies such as the in situ extraction of metals through leaching, the increasing need to regulate and develop environmental management in the artisanal and small mining sector, and the imperative to incorporate policies of sustainable development as far as possible.
Most of the new mining initiatives currently are in developing countries, and this will extend to mining ore deposits in more remote and fragile ecosystems, such as high altitude forest; tall canopy forest in tropics, and in the tundra; and even possibly Antarctica eventually. These developments will require considerable research and ecological knowledge. This requires the support of the formal, large company mining sector, which has to date been found to be the most innovative and creative in meeting the challenges of scientifically driven, environmentally sound mine closure, and restoration underpinned by the necessary research and development (Warhurst 1994) . Most of the worlds large mining companies now know that environmentally sound practices including restoration do not add significantly to the costs of new mining projects, and innovation in environmental technologies can even provide income by being commercially exploited (Warhurst 1994) . In fact environmental behaviour correlates most closely with the capacity of a company to innovate. The attitude of the large mining companies has been recently shown in the setting-up of the Mining, Minerals and Sustainable Development Project (MMSD) where 30 of the largest mining companies, who usually compete with each other, are collaborating in a global strategic initiative that is an independent analysis that the companies believe could guide the future of the industry (World Economic Forum 2000; MMSD 2001 ).
Artisanal and small-scale mining represents the other end of the spectrum. It is large in terms of the people directly involved in it: Indonesia 350 000 (Hollaway 1997) , Brazil 300 000 "garimpeiros" (Cleary and Thornton 1994) , and 200 000 in both Tanzania and Zimbabwe (van Straaten 2000) . It is a growing sector particularly in southern Africa, Latin America, and south east Asia. There are an estimated 10 million people dependent on small-scale mining for gold, chrome, tin, and gemstones in southern Africa alone 2 and possibly 80 million worldwide. This mining sector provides for some of the poorest people in the world, a large proportion of whom are women and children, working small-scale, often low grade ore deposits that are not economic to large-scale mining. This sector is characterized by technological backwardness and lack of economic and environmental knowledge. It is clear that ecological restoration will have to "take its turn" and contribute to solutions for this sector that takes a holistic view of sustainable development and creating sustainable livelihoods. Problems of this sector include deforestation and removal of natural vegetation, thousands of small workings with many open pits, the extensive use of mercury in gold extraction, unplanned growth of villages and towns without clean water and sanitation, and alluvial workings which can cause extensive disturbance and damage to river systems.
The social agenda as part of sustainable development will become increasingly important to environmental management in the mining sector in general and to ecological restoration in particular. An increasing number of examples are putting into practice partnerships between the mining company and the local community for mutual benefit (Epps 1997 ). An unusual example concerning small-scale mining was in Las Cristinas, Venezuela, where a large Canadian company commenced gold exploration in 1992. Small-scale mining had been occurring in the area under strained relations between the small-scale miners and the government. In the event the large mining company allocated part of its concession to the small-scale miners who formed an association to regulate and manage their area. This was followed up by training in mining techniques, business management, environment, health, and safety. Thus a legal organization that can now develop systems of environmental management including restoration has been created (Epps 1997 ) from a group of largely independent opportunistic small-scale miners operating illegally.
Finally, a further challenge to sustainable development is the continuing social and environmental problems associated with the enormous number of abandoned and "orphaned" mine sites. Although the case for ecological restoration of most of these sites is the same as for active mines the assignment of responsibilities is different. Non-action is usual because of non-identification of the responsible body. National approaches such as the "Superfund" arrangement in U.S.A. or national contaminated land policies elsewhere seem to be a possible answer. Again, however, it is unlikely that even strategic intervention by national governments can succeed in relatively poor developing countries without significant financial support of the private mining industry providing for the costs of restoration of past mining degradation.
